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HI.  REPORT  ON  THE  SCIENTIFIC  FINDINGS 

A.  INTRODUCTION:  STATEMENT  OF  THE  PROBLEM  STUDIED 

The  mechanical  properties  of  the  interfaces  between  coatings  and  substrates  have  become 
the  focal  point  of  my  research  in  several  fields,  including  composite  materials,  tribology, 
thermal  spray,  and  in  the  solid  state  device  area.  This  is  because  the  interfaces  between 
dissimilar  materials  are  sites  for  mechanical  stress  concentrations  and  often  become  the 
nucleus  of  the  overall  failure  process.  In  composite  materials,  interfaces  between  fibers 
and  their  diffusion  barrier  coatings  are  of  interest,  while  in  other  thin  film  applications, 
those  between  functional  (magnetic,  conducting,  optical,  and  electrical),  protective 
(thermal  barrier,  corrosion,  wear  resistant),  and  decorative  coatings  and  their  underlying 
substrates  are  important.  Finally,  metal/ceramic  interfaces  are  of  interest  in  multilayer 
devices  and  in  magnetic  disc  and  head  technology.  Since  in  most  applications  the 
mechanical  properties  of  the  interface  (tensile  and  shear  strength,  toughness,  etc.)  often 
control  the  terminal  failure  process,  improvement  in  these  properties  for  prolonged  life  of 
the  coated  part  is  of  fundamental  interest.  However,  in  ceramic  and  metal  matrix 
composites,  where  the  fiber/coating  interface  is  used  to  deflect  impinging  cracks  from  the 
matrix,  it  is  often  desirable  to  impair  the  strength  of  the  interface.  To  accomplish  either  of 
the  above  goals,  the  first  step  is  to  measure  reliably  the  fundamental  mechanical 
properties  of  the  interface,  and  establish  their  relationship  to  the  interface  structure  and 
chemistry  so  that  the  interface  properties  can  be  optimized  to  the  desired  level. 
Accordingly,  the  major  thrust  in  this  research  has  been  to  develop  a  laser  spallation 
technique  to  measure  the  tensile  strength  of  planar  interfaces,  and  to  show  how  this 
experiment  measures  an  intrinsic  response  of  the  interface. 

Almost  all  other  available  techniques  for  measuring  interface  strength  [1]  involve 
a  nonhomogeneous  stress  field  in  the  vicinity  of  the  interface.  Besides  producing 
premature  fracture  elsewhere  before  the  intended  interface  can  be  probed,  significant 
plastic  deformation  accompanies  the  failure,  which  totally  masks  the  fundamental  energy 
or  strength  required  to  decohere  the  interface.  In  addition,  such  processes  disallow  any 
correlation  of  the  individual  processing  variables  used  for  surface  or  microstructural 
tailoring  onto  the  mechanical  response  of  the  interface.  Rather,  they  give  a  combined 
effect  and  one  with  no  direct  correlation  to  the  fundamental  attributes  responsible  for 
adhesion.  One  of  my  main  contributions  in  this  area  has  been  to  develop  a  laser 
spallation  experiment  which  overcomes  this  shortcoming  and  provides  a  measure  of  the 
actual  tensile  strength  of  the  interface  by  probing  the  local  interface  structure  with  a  sharp 
stress  pulse.  As  discussed  later,  the  interface  tensile  strength  measured  by  this  technique 
is  fundamentally  related  to  the  intrinsic  toughness  of  the  interface.  The  tensile  strength 
thus  obtained  can  be  directly  related  to  the  interfacial  microstructure. 
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B.  SUMMARY  DESCRIPTION  OF  IMPORTANT  RESULTS 

Bl.  Measurement  of  the  Interface  Tensile  Strength  by  a  Laser  Spallation 
Experiment 

The  focus  of  our  work  was  to  modify  a  laser  spallation  technique  I  had  developed  at 
M.I.T.  as  a  part  of  my  doctoral  thesis  research.  As  discussed  below,  several  significant 
changes  have  been  made,  which  now  makes  the  technique  more  versatile  and  convinces 
us  of  its  ability  to  measure  a  fundamental  mechanical  response  of  an  interface. 

Bl.l.  M.I.T.  Version  of  the  Technique 

The  experimental  approach  utilizes  a  planar  arrangement  of  a  substrate  and  coating 
combination,  as  shown  in  Fig.  1.  Details  of  the  sample  holder  are  given  in  Gupta  et  al. 
[2,3].  The  collimated  laser  pulse  is  made  to  impinge  on  a  l-|im  thick  gold  film  that  is 
sandwiched  between  the  back  surface  of  a  substrate  of  interest  and  a  fused  quartz 
confining  plate,  transparent  to  the  wavelength  of  the  laser  (Nd:YAG  laser  operated  at 
1.06-|im).  Absorption  of  the  laser  energy  in  the  confined  gold  leads  to  a  sudden 
expansion  of  the  film  which,  due  to  the  axial  constraints  of  the  assembly,  leads  to  the 
generation  of  a  compressive  shock  wave  directed  toward  the  test  coating/substrate 
interface.  A  part  of  the  compressive  pulse  is  transmitted  into  the  coating  as  the 
compression  pulse  strikes  the  interface.  It  is  the  reflection  from  the  free  surface  of  the 
coating  of  this  compressive  pulse  into  a  tension  pulse  that  leads  to  the  removal  of  the 
coating,  given  a  sufficiently  high  amplitude.  A  key  element  of  the  experiment  was  to 
determine  the  amplitude  of  the  interface  tensile  stress  at  the  threshold  laser  fluence 
causing  the  interface  failure. 

Previously,  the  approach  consisted  of  a  three-part  strategy.  The  first  part  was  the 
development  of  a  finite  element  computer  simulation  of  the  conversion  of  the  laser  light 
pulse  into  a  pressure  pulse,  and  of  the  resulting  history  of  tensile  stress  which  develops  at 
the  interface  as  the  wave  is  reflected  from  the  free  surface  of  the  coating.  In  the  second 
part  of  the  strategy,  the  pressure  pulses  were  measured  in  a  microelectronic,  piezoelectric 
device  in  which  the  conditions  of  the  computer  simulation  were  experimentally  achieved. 
This  permitted  verification  and  fine  tuning  the  computer  simulation.  Finally,  actual 
spallation  experiments  were  carried  out  for  several  thin  coating/substrate  interfaces  (e.g., 
C/Si  and  SiC/Si  interfaces).  The  laser  fluence  necessary  for  the  removal  of  the  probed 
portion  of  the  coating  at  the  interface  was  recorded,  and  the  tensile  stress  across  the 
interface  that  accomplished  this  was  determined  from  the  computer  program.  The 
analysis  of  the  post-spalled  samples  through  detailed  Auger  spectroscopy  showed  the 
failure  to  occur  at  the  interface  in  the  SiC  coated  pyrolytic  graphite  and  Si  wafer  discs. 
The  SiC/Si  interface  was  varied  by  changing  the  deposition  conditions  of  the  SiC  coating, 
and  accordingly,  the  interface  strength  values  ranging  from  3.7  to  10.5  GPa  were 
determined.  An  average  value  of  7.2  GPa  was  determined  for  the  SiC/PG  interface. 
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B1.2.  The  Dartmouth  Version  of  the  Technique 

The  focus  of  this  work  was  to  modify  the  earlier  version  of  the  laser  spallation  technique 
by  quantifying  the  interface  stress  with  a  laser  Doppler  interferometer.  The  details  of  the 
setup  can  be  found  in  a  series  of  papers  [4-7];  here  we  provide  only  a  brief  description. 
The  laser  pulse  is  now  made  to  impinge  on  a  0.3-|im  thick  aluminum  film  (instead  of 
gold)  that  is  sandwiched  between  the  back  surface  of  a  substrate  of  interest  and  a  5-to-10 
|im  thick  layer  of  solid  water  glass.  The  solid  water  glass  layer  was  obtained  by  applying 
a  thin  layer  of  liquid  water  glass  (liquid  solution  of  sodium  silicate)  to  the  laser  absorbing 
A1  film;  after  several  minutes'  exposure  in  the  air,  water  evaporates  from  the  water  glass 
leaving  behind  a  layer  of  SiC>2  that  is  transparent  to  the  laser  wavelength. 

When  the  stress  pulse  is  reflected  from  the  free  surface  of  the  coating  or  the 
substrate,  the  free  surface  experiences  a  transient  velocity,  which  in  turn  is  proportional  to 
the  transient  profile  of  the  striking  stress  pulse.  The  transient  velocity  was  measured 
directly  by  a  velocity  interferometer,  and  also  more  accurately,  by  recording  the 
displacement  history  of  the  coating’s  or  substrate’s  free  surface  by  a  displacement 
interferometer,  a  schematic  of  which  is  shown  to  the  right  of  the  coating  surface  in  Fig.  2. 
The  peak  interface  tensile  stress  generated  at  each  level  of  the  laser  fluence  is  related  to 
the  maximum  compressive  stress  at  the  free  surface  (coating's  or  substrate's)  through  a 
computer  simulation.  In  this  program,  a  stress  pulse  measured  at  the  substrate's  free 
surface  (measured  in  separate  experiments)  was  made  to  impinge  at  the  interface  from  the 
substrate  side,  and  the  resulting  peak  tensile  amplitudes  of  the  normalized  stresses  at  the 
interface  and  the  coating's  free  surface  are  determined.  We  then  take  the  ratios  of  these 
calculated  amplitudes  and  use  them  as  transfer  coefficients  to  convert  the  measured  peak 
stress  at  the  coating  or  the  substrate  free  surface  to  the  interface  peak  stress.  Since  the 
generated  stress  profile  is  similar  for  different  laser  fluence  levels  [7],  the  simple 
approach  of  using  transfer  coefficients  is  very  accurate  provided  the  coating  remains 
elastic.  The  above  procedure  results  in  a  plot  of  laser  fluence  vs.  interface  stress.  This 
information  is  then  used  to  convert  the  threshold  laser  fluence  causing  coating  spallation 
to  the  interface  strength.  In  cases  where  the  substrate’s  free  surface  can  be  polished  to  a 
mirror-finish,  we  use  it  to  characterize  the  laser  fluence,  otherwise  we  use  the  velocity 
measurements  on  the  coating's  free-surface  for  characterization  of  the  laser  fluence. 
Since  in  the  new  setup  the  stress  pulse  is  recorded  directly,  the  strength  of  interfaces 
involving  ductile  components  can  also  be  determined,  as  long  as  the  wave  mechanics 
simulation  includes  the  elastic-plastic  constitutive  law  for  the  ductile  component.  In  view 
of  extending  this  technique  for  future  ductile  systems,  we  have  incorporated  such  a 
constitutive  law  in  our  current  wave  mechanics  simulation  [8].  However,  for  all  materials 
considered  so  far,  the  measured  strengths  were  within  the  Hugoint  elastic  limit,  thereby 
permitting  an  elastic  analysis  to  quantify  the  free-surface  velocities. 

For  specular  surfaces,  it  is  possible  to  measure  both  the  free  surface  displacement 
and  the  velocity  by  using  the  standard  laser  Doppler  displacement  and  velocity 
interferometers  which  are  used  widely  in  the  plate  impact  research.  Since  in  our 
experiment,  the  stress  pulses  were  sharp  (rise  time  <  5  ns)  and  produced  over  a  small  area 


4 


(7  mm2),  recording  sub-nanosecond  displacement  and  velocity  fringes  posed  a  significant 
challenge.  Remarkably,  the  displacement  fringes  with  a  0.2  nanosecond  (ns)  resolution, 
and  those  obtained  in  the  first  20  ns  were  recorded  in  a  single  shot  mode. 

The  current  technique  is  an  improvement  over  the  previous  one  [2],  since  the 
interface  stress  at  the  threshold  laser  energy  is  determined  directly  by  recording  the 
coating’s  or  substrate's  free-surface  velocities  using  an  optical  interferometer.  This  also 
takes  care  of  some  of  the  concerns  regarding  the  validity  of  a  one-dimensional  computer 
simulation  for  modeling  the  propagation  of  the  stress  pulse.  In  the  modified  technique, 
no  stress  pulse  propagation  model  is  used  since  the  stress  pulse  that  arrives  in  its  final 
form  at  the  coating  surface  is  directly  measured  by  the  interferometer.  For  the  same 
reason,  it  is  no  longer  necessary  to  simulate  the  stress  pulse  generation  mechanism  that 
depends  among  various  things  upon  the  laser  fluence,  the  temperature  distribution  in  the 
A1  film,  the  surrounding  water  glass  and  the  constraining  substrate  disc,  and  finally,  on 
the  volumetric  expansion  within  A1  upon  its  melting. 

Apart  from  the  above  modifications,  two  additional  breakthroughs  were  recently 
made  by  our  group  which  increased  the  versatility  of  the  technique,  allowing  coatings 
with  rough  surfaces  (e.g.,  thermal  spray  coatings)  and  those  with  thickness  less  than  0. 1 
|im  to  be  tested.  The  first  development  was  that  of  producing  sub-nanosecond  rise-times 
stress  pulses  with  amplitudes  in  excess  of  3  GPa  in  the  substrate  [9].  In  contrast  to  earlier 
pulse  profiles  assuming  an  asymptotic  tail  at  about  57c  to  10%  of  the  peak  stress,  these 
pulses  show  hitherto  unreported,  much  sharper  post-peak  decays  resulting  in  a  zero  stress 
at  about  17  ns.  Since  in  the  laser  spallation  experiment,  the  tensile  stress  at  the  interface 
results  after  reflection  of  the  parent  compressive  stress  pulse  from  the  coating  surface,  a 
sharper  rise-time  and  a  sharper  post-peak  decay  stress  pulse  enhances  the  interface  tensile 
stress  in  thin  film  interfaces,  and  films  with  0.3  pm  in  thickness  could  be  separated.  The 
setup  to  produce  such  short  stress  pulses  by  using  a  5-to-10  pm  thick  layer  of  solid  water 
glass  layer  is  discussed  in  Appendix  I. 

Another  important  development  was  that  of  an  optical  interferometer  [10]  which 
allowed  us  to  record  the  velocities  of  rough  surfaces,  that  otherwise  destroy  the 
geometrical  coherence  of  the  reflected  beam  and  make  the  regular  interferometer 
unusable.  Now,  thermal  spray  coatings  with  rough  surfaces  can  be  tested.  Further,  for 
some  interface  systems  with  very  large  substrate  surface  roughnesses,  the  surfaces  of 
even  very  thick  coatings  assume  the  roughness  of  the  substrate,  which  then  disallows 
recording  the  displacement  fringes  from  either  the  substrate’s  or  coating’s  surfaces  using 
the  standard  interferometer.  The  new  interferometer  allows  us  to  characterize  such 
interfaces  as  well.  This  setup  is  briefly  discussed  in  Appendix  II. 

These  techniques  were  used  to  determine  the  tensile  strengths  of  a  variety  of 
interfaces  of  interest  to  the  microelectronic,  composites,  and  thermal  spray  industries.  In 
all  experiments,  the  substrate  discs  were  either  12.7  mm  or  25.4  mm  in  diameter  and  1 
mm  thick.  Typical  test  coating  thicknesses  ranged  from  1  pm  to  3  pm.  The  laser  beam 
was  focused  onto  a  3-mm  diameter  spot  so  as  to  keep  the  ratio  of  the  stress  pulse 
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generation  area  to  propagation  distance  (thickness  of  the  substrate)  to  3,  which  in  turn 
ensures  a  planar  stress  front  to  load  the  interface.  The  incident  laser  fluence  was 
controlled  by  changing  the  energy  of  the  laser  beam  while  keeping  the  illuminated  area 
constant. 

An  average  value  of  41  MPa  was  determined  for  the  strength  of  interfaces 
between  0.1  |im  thick  Cu  films  and  nitrided  surfaces  of  Si.  Additionally,  the  strength  and 
failure  mechanisms  of  interfaces  between  metallic  coatings  of  Sn,  Sb,  Cu,  Nb,  Al,  Cr,  and 
substrates  of  pyrolytic  graphite  were  measured  in  units  of  MPa  to  be  18.5,  6.0,  15.50, 
41.70,  16.50  and  15.50,  respectively  [6].  Similarly  an  average  value  of  320  MPa  for  the 
Sn02  coating/alumina  interface  was  measured  [11].  A  value  of  280  MPa  was  obtained 
for  the  Nb  coating/alumina  interface  [12].  In  addition,  the  strength  of  the  Nb/alumina 
interface  was  controllably  increased  to  0.35  GPa  by  increasing  the  Cr  interlayer  thickness 
to  50  A.  The  strength  could  be  continuously  decreased  to  0.16  GPa  by  increasing  the  Sb 
thickness  to  70 A  [12].  The  overall  error  in  the  laser  spallation  measurement  stemming 
from  the  laser  pulse  variability,  measurement  of  the  ablated  area,  and  recording  of  the 
fringes,  etc.  is  estimated  to  be  within  8%.  All  of  the  above  strengths  were  obtained  as  an 
average  of  8  to  10  measurements,  and  the  largest  variation  was  limited  to  only  10%. 

The  issue  of  how  the  above  measurements  relate  to  the  interface  properties 
obtained  by  other  techniques  often  surfaces.  As  discussed  earlier,  the  failure  process  in 
most  available  techniques  involves  a  significant  plastic  deformation,  which  totally  masks 
the  fundamental  energy  or  the  strength  required  to  decohere  the  interface.  This  disallows 
any  correlation  of  the  individual  processing  variables  used  for  surface  or  microstructural 
tailoring  onto  the  mechanical  response  of  the  interface.  By  contrast,  since  the  interface  is 
loaded  at  a  strain  rate  of  almost  107/sec  in  the  laser  spallation  experiment,  all  inelastic 
processes  that  usually  accompany  the  interface  decohesion  process  are  largely  avoided, 
and  as  shown  in  Gupta  et  al.  [12],  the  measured  strengths  a0  can  be  related  to  the  intrinsic 
interface  fracture  energies  Gci  using  the  concepts  of  universal  bonding  correlation,  which 
have  recently  also  been  found  to  hold  for  metal/ceramic  interfaces  too  as 

a20  =  E0Gc\/e2h,  (1) 

where  h  is  an  unstressed  separation  distance  between  the  planes  joining  at  the  interface 
and  E0  is  the  initial  one-dimensional  tensile  straining  modulus  of  the  interface  layer.  This 
strength-toughness  relationship  was  recently  verified  by  us  by  measuring  the  interfacial 
energies  independently  by  a  new  technique,  which  in  turn,  related  fairly  well  to  the 
measured  tensile  strengths  from  the  spallation  experiment. 

In  this  technique  [13],  a  test  coating  of  100  A  to  200  A  is  deposited  on  the 
substrate  of  interest.  This  layer  is  then  overlaid  by  a  residually-stressed  Nb  coating  (used 
as  a  loading  device)  and  its  thickness  is  controlled  until  it  buckles  the  lower  test  layer 
from  the  substrate.  By  determining  the  intrinsic  residual  strain  within  the  Nb  layer  in 
independent  delamination  experiments,  the  bilayer  buckling  morphology  is  quantified, 
and  a  measure  of  the  interface  fracture  toughness  is  obtained.  The  key  to  the  experiment 
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is  to  quantify  the  intrinsic  residual  strain  within  the  Nb  film  by  forcing  it  to  buckle  in  a 
one-dimensional  mode.  This  was  achieved  by  depositing  the  Nb  coating  with  a  saw-tooth 
morphology  onto  a  sapphire  substrate  by  using  the  photolithographic  techniques.  By 
controlling  the  Nb  thickness  so  as  to  be  critical  at  its  crest,  and  equal  to  half  its  thickness 
along  its  troughs,  the  Nb  layer  was  forced  to  buckle  in  a  one-dimensional  morphology. 
The  measurement  of  its  buckled  profile  by  using  an  atomic  force  microscope  and  its 
subsequent  comparison  with  the  unbuckled  straight  length  readily  provides  a  measure  of 
its  intrinsic  strain.  This  technique  has  been  successfully  applied  to  interfaces  between 
metallic  coatings  of  Sb,  Cr,  Cu,  Nb,  Al,  and  substrates  of  sapphire  with  (0001) 
orientation.  I  believe  that  this  technique  can  be  quite  important  in  characterizing 
interfaces,  and  can  complement  the  information  provided  by  the  laser  spallation 
experiment. 

Although  the  spontaneous  delamination  technique  is  important  in  its  own  right,  it 
can  also  act  as  a  referee  to  the  fundamental  nature  of  the  data  provided  by  the  laser 
spallation  experiment.  For  example,  the  measured  strength  of  a  flaw-free  Nb/(0001) 
sapphire  interface  of  1.9  GPa  relates  fairly  well  through  eqn  (1)  to  a  value  of  0.8  J/m2  for 
the  interface  toughness  obtained  from  the  spontaneous  delamination  technique.  The 
value  of  the  interatomic  separations  were  obtained  independently  through  detailed  high 
resolution  transmission  electron  microscope  studies  discussed  below.  However,  if  the 
interface  is  flawed,  the  laser  spallation  experiment  measures  a  value  that  reflects  this 
change  in  the  microstructure.  The  measured  strength  of  a  Nb/alumina  interface  (with 
interface  flaws)  of  0.28  GPa  when  compared  with  that  of  Nb/sapphire  interface  of  1.98 
GPa  (with  no  flaws  as  shown  below)  clearly  indicates  the  potential  of  the  technique  to 
distinguish  the  effects  of  interfacial  cracks  and  voids.  Thus,  the  experiment  seems  to 
measure  the  actual  strength  of  the  interface,  which  then  approaches  the  intrinsic  strength 
if  the  interface  is  free  of  any  defects. 

Another  issue  that  often  surfaces  is  that  of  the  effect  of  the  in-plane  residual 
stresses  on  the  measured  bond  strength,  and  as  discussed  below,  the  laser  spallation 
measurements  are  not  affected  by  such  stresses.  The  experiment  measures  a  tensile 
strength  in  which  the  atoms  are  first  pulled  apart  normal  to  the  interface,  causing  an  initial 
debond  length,  followed  by  its  immediate  instability  in  the  form  of  delamination.  The 
pre-existing  in-plane  residual  stresses  participate  only  in  encouraging  the  later 
delamination  process.  However,  as  far  as  the  laser  spallation  experiment  is  concerned,  we 
are  only  interested  in  the  initial  debonding  created  when  the  atoms  are  first  pulled  away 
from  each  other;  also  referred  to  as  the  tensile  strength  of  the  interface  (or  the  peak  of  the 
interface  stress-separation  curve).  The  in-plane  residual  stresses  usually  result  in  3%  to 
4%  strains  (in-plane)  and  due  to  Poisson's  effect,  these  will  result  in  a  similar  strain  in  the 
normal  direction.  Such  strains  should  have  a  little  effect  on  the  interface  stress-separation 
curve,  and  hence  on  the  measured  tensile  strength  obtained  by  the  laser  spallation 
experiment.  The  above  holds  if  the  interface  is  free  of  cracks  and  mechanical  roughness 
since  in  such  cases  the  failure  is  controlled  by  continuum-scale  processes,  which  in  turn, 
can  be  influenced  by  the  residual  stresses. 
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With  the  basic  interface  characterization  tool  at  hand,  we  are  now  ready  to  address 
the  issue  of  controlling  the  interface  mechanical  properties  to  a  desired  level ,  as  required 
in  a  specific  tribological,  composites,  microelectronic  or  thermal  spray  engineering 
applications.  A  fundamental  approach  to  engineered  interfaces  is  to  establish  a  one-to- 
one  relationship  of  the  interface  structure  to  its  mechanical  properties,  followed  by 
optimizing  the  microstructure  to  maximize  performance  in  a  specific  application.  Despite 
its  recognition  by  several  investigators,  development  of  such  a  relationship  remains 
uncharacterized  for  interfaces.  Although  several  theoretical  and  experimental  efforts 
have  successfully  obtained  the  atomic  structure  and  chemistry  for  metal/ceramic  and 
polymer/ceramic  interfaces,  no  measurement  of  the  fundamental  mechanical  properties 
has  been  possible,  and  this  has  remained  the  primary  obstacle  in  attempts  to  develop  the 
strength-structure-chemistry  relationships.  Below  we  discuss  how  such  a  relationship  can 
be  obtained  by  taking  a  specific  example  of  the  Nb/sapphire  interface,  and  controlling  its 
strength  through  heat  treatment  and  by  providing  interlayers  of  Cr  and  Sb  of  varying 
thicknesses. 

B2.  Strength-Structure-Chemistry  Relationship  for  Nb/Sapphire  Interfaces 

To  control  the  interface  strength  through  modifications  of  structure  and  chemistry,  we 
measured  the  strength  of  Nb/sapphire  interfaces,  with  and  without  interlayers  (5-40A 
thick)  of  Cr  and  Sb  [14,15].  Spallation  experiments  were  performed  on  Nb/sapphire, 
Nb/Cr/sapphire  and  Nb/Sb/sapphire  interfaces  in  the  as-deposited  state,  and  also  on 
samples  with  two  different  heat  treatment  cycles,  viz.  at  600°C  for  24  hours  and  at 
1200°C  for  10  minutes.  The  structure  was  obtained  with  HRTEM  for  all  interfaces,  here 
shown  only  for  Nb/Cr/sapphire  (Fig.  3).  All  interfaces  were  flat  and  free  of  macroscopic 
defects  like  cracks  and  voids  except  those  which  were  annealed  at  1200°C  for  10  minutes. 
With  such  an  anneal  cycle,  both  the  Nb/sapphire  and  Nb/Cr/sapphire  interfaces  showed 
interfacial  voids  (Fig.  4),  formed  due  to  the  migration  of  vacancies  within  Nb  (due  to  the 
sputter  deposition  process)  to  the  interface.  In  addition,  the  interfaces  involving  Cr 
showed  the  formation  of  the  intermetallic  compound  Cr2Nb,  Fig.  5.  Interestingly,  the 
continuous  layer  of  Cr  is  reduced  to  a  uniform  distribution  ot  hemispherical-shaped 
compound.  All  coatings  and  interlayers  were  sputter-deposited  using  the  RF-magnetron 
sputtering  system.  This  system  was  assembled  in-house  under  the  ARO  grant. 
Interestingly,  as  shown  in  Fig.  3,  back-sputter  cleaning  of  the  sapphire  surface  via  flow  of 
Argon  ions,  prior  to  coating  deposition,  forms  a  10-to-25  A  thick  disordered  amorphous 
layer.  This  layer  was  present  in  all  deposition.  This  layer  is  re-crystallized  at  1200°C,  as 
shown  in  Fig.  6.  The  above  structure  and  chemistry  were  related  to  interface  strength. 
Figure  7(a)  shows  various  interfaces  in  ascending  order  of  their  strength,  as  measured  by 
the  modified  laser  spallation  experiment.  The  highest  strength  was  recorded  tor 
Nb/Cr/sapphire  sample  annealed  at  1200°C.  The  intermetallic  compound  Cr2Nb  acts  as  a 
strength  enhancer.  Figure  7  (b)  shows  how  by  controlling  the  thickness  of  the  Cr  and  Sb 
interlayers,  the  interface  strength  can  be  remarkably  tailored  over  a  wide  range,  indicating 
the  latitude  in  control  of  interface  strength  possible  through  control  of  interlace 
chemistry.  Sb  can  lower  the  strength  by  90%,  and  Cr  can  elevate  it  50%  over  that  for  the 
clean  interface. 
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Finally,  the  spalled  samples  were  analyzed  using  XPS,  Auger  Spectroscopy  and 
Atomic  Force  Microscopy  to  determine  the  locus  of  failure.  All  failures  were  at  the 
interface  adjacent  to  sapphire,  except  Nb/Cr/sapphire  samples  annealed  at  1200°C,  where 
the  failure  was  non-planar,  following  the  Nb/sapphire  interface,  and  within  Nb  at 
locations  where  the  intermetallic  compound  Cr2Nb  was  encountered.  This  was 
confirmed  by  an  atomic  force  micrograph  of  the  interface  towards  the  sapphire  which 
showed  a  uniform  distribution  of  surface  bumps  (50-60  nm)  corresponding  to  the 
anchored  Cr2Nb  locations.  Thus,  it  acts  as  a  strength  enhancer.  All  interface  failures 
adjacent  to  the  sapphire  were  at  the  amorphous  layer,  suggesting  an  interesting  strength¬ 
degrading  mechanism  in  metal-ceramic  interfaces. 

We  discuss  now  why  interface  tensile  strength  is  an  important  fundamental 
property,  and  has  been  the  parameter  of  interest  to  our  studies.  Both  the  interfacial  shear 
and  tensile  strengths  control  the  overall  failure  of  the  interface  in  composites  and  other 
applications.  Even  in  the  presence  of  an  applied  shear  stress,  the  local  failure  is  in  the 
form  of  a  tensile  separation,  because  to  cause  interface  decohesion,  the  atoms  should  be 
pulled  apart  normal  to  the  interface.  A  pure  mode-II  component  or  a  shear  stress  applied 
to  the  interfacial  region  at  the  continuum  scale  is  transformed  to  a  local  tensile  stress  at 
the  atomic  scale.  This  usually  happens  due  to  the  presence  of  second-phase  compounds, 
interfacial  imperfections,  and  lack  of  atomic  coherence  or  atomically-flat  interface.  An 
exception  is  the  ideal  situation  of  an  atomically-sharp  and  planar  interface,  where  the 
atoms  will  simply  shear  past  their  neighbors  to  break  initial  bonds,  followed  by  the 
formation  of  new  interface  bonds.  In  such  limited  scenarios,  there  should  be  a  reduction 
in  the  tensile  strength  of  the  interface  due  to  the  re-formation  of  the  new  bonds.  Although 
this  has  been  shown  for  grain  boundaries,  it  is  unlikely  to  happen  at  heterogeneous 
interfaces  occurring  in  tribological  applications.  Thus,  for  a  given  interface  roughness  on 
the  atomic  scale,  a  combination  of  an  applied  shear  stress  and  a  tensile  stress  on  the 
continuum  scale  will  lead  to  an  effective  local  tensile  stress;  when  this  equals  the 
fundamental  strength  (as  provided  by  the  spallation  experiment),  the  interface  will 
decohere. 

It  should  be  pointed  out,  however,  that  the  interface  failures  in  actual  tribological, 
composite,  and  other  thin  film  applications  are  governed  by  the  total  toughness  of  the 
interface  which  depends  upon  the  extent  of  plastic  and  roughness-induced  deformations, 
which  in  turn,  depend  upon  the  specific  boundary  value  problem  defining  the  actual  ratio 
of  the  tensile  to  shear  far-field  stress  probing  the  interface.  In  principle,  this  total 
toughness  of  the  interface  can  be  partitioned  into  a  process-dependent  inelastic 
dissipation  energy,  and  the  much  smaller  (usually  1%  to  2%  of  the  total  energy)  intrinsic 
toughness  of  the  interface,  which  as  discussed  below,  is  related  to  the  tensile  strength  of 
the  interface  provided  by  the  laser  spallation  experiment.  Although  the  intrinsic 
toughness  is  only  few  percent  of  the  total  energy  needed  for  interface  separation,  it 
controls  and  scales  directly  with  the  latter  since,  if  no  energy  is  required  to  break  the 
atomic  bonds,  the  two  bonded  components  will  simply  fall  apart  with  no  plastic 
deformation  during  the  separation  process.  Thus,  attempts  to  maximize  the  interface 
strength  (or  intrinsic  toughness)  by  optimizing  the  interfacial  microstructure  should  lead 
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directly  to  an  increase  in  the  total  toughness  required  for  interface  separation,  and  a 
subsequent  increase  in  the  performance  of  the  coated  tribological  components. 
Therefore,  the  thrust  of  our  work  has  been  to  develop  the  intrinsic  strength-structure- 
chemistry  relationship  at  interfaces,  and  by  using  the  Nb/sapphire  interface  work  as  a 
precursor,  we  have  proposed  [16]  to  develop  such  a  fundamental  relationship  for  few 
representative  tribological  substrate/coating  systems. 

B3.  Specific  Applications  to  Composite  Materials 


One  of  our  motivations  for  developing  the  laser  spallation  experiment  was  to  measure  and 
control  the  strength  of  fiber/matrix  or  fiber/coating  interfaces  to  a  predetermined  level  so 
as  to  deflect  the  impinging  matrix  cracks  along  the  interface,  which,  besides  leaving  the 
fiber  intact,  also  increases  the  toughness  of  the  composite.  To  determine  the  mechanistic 
conditions  for  interface  crack  deflection,  we  have  developed  both  a  strength  [17]  and  an 
energy  criterion  [18]  for  crack  deflection  at  an  interface  between  a  fiber  and  a  coating  or 
between  a  fiber  and  the  matrix.  The  analyses  can  account  for  elastic  anisotropy  in  either 
medium,  which  is  directly  useful  for  designing  composites  with  anisotropic  sapphire  and 
carbon  fibers.  Our  solution  is  an  extension  the  previous  work  of  He  and  Hutchinson  [24] 
for  isotropic  bimaterial  pairs.  These  solutions  were  obtained  by  using  the  method  of  dual 
singular  integral  equations,  which  are  of  little  interest  to  the  composite  processing 
community.  To  this  end,  we  made  a  compendium  of  all  the  composite  systems  that  were 
being  pursued  in  the  composites  community,  and  provided  specific  results  for  the 
necessary  interface  toughness  necessary  for  deflecting  impinging  matrix  cracks  along  the 
interface.  Table  I  from  Gupta  etal.  [12]  shows  this  contribution. 

The  final  step  in  this  strategy  is  to  cast  actual  ceramic-matrix  composites  with 
interfaces  which  have  strengths  and  toughnesses  as  suggested  by  the  crack  deflection 
solutions,  which  in  turn,  are  to  be  obtained  by  using  our  work  on  the  measurement  and 
control  of  interface  strength  Since  facilities  to  cast  such  composites  are  not  available  at 
Dartmouth,  we  have  established  contact  with  the  researchers  at  the  University  of 
Cincinnati,  and  New  Mexico  Tech  to  pursue  this  research.  Preliminary  results  of  this 
collaboration  with  the  University  of  Cincinnati  have  already  taken  the  shape  of  a  paper 
[19].  We  aspire  to  sharpen  this  program  by  communicating  with  the  researchers  involved 
with  processing  of  materials  so  as  to  develop  materials  from  inside  out! 

It  should  be  pointed  out  that  a  description  of  the  laser  spallation  experiment  and  the 
applied  mechanics  calculations  of  the  required  interface  toughness  to  achieve  overall 
composite  toughness  has  been  included  in  a  recent  undergraduate  text  on  composites  by 
K.  K.  Chawla:  Ceramic  Matrix  Composites,  Chapman  &  Hall,  1993,  pp.  192-193;  302-308. 


B4.  Other  Fracture  Mechanics- Related  Research 

To  understand  the  role  of  interfaces  in  the  above  toughening  mechanism  by  interface 
crack  deflection,  it  is  important  to  determine  the  stress  and  deformation  field  for  crack 
growth  along  interfaces  between  fibers  and  their  protective  coatings  or  those  between 
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fiber  and  the  matrix.  Such  solutions  can  also  help  address  the  issue  of  the  brittle  vs. 
ductile  response  of  the  interface.  To  this  end,  we  have  determined  the  elastic-plastic 
stress  fields  very  near  the  tip  of  an  interface  crack  on  some  model  planar  crack 
geometries  with  the  ultimate  aim  of  using  them  to  set  the  overall  boundary  conditions  for 
rate  processes  controlling  the  nucleation  of  dislocations  from  the  crack  tip,  as  required  for 
studying  the  ductile  vs.  brittle  response  of  the  interface.  Since  most  of  the  available 
solutions  in  the  literature  admit  only  isotropic  plasticity,  our  analysis  [20]  makes 
provision  for  the  anisotropic  plasticity  to  occur  in  one  of  the  media.  Specifically,  the 
solution  gives  the  asymptotic  stress  fields  for  both  growing  and  stationary  cracks  at  an 
interface  idealized  as  being  rigid  on  one  and  single  crystal  on  the  other  side.  Two  crack 
orientations  with  direct  applications  to  interfaces  in  composite  materials  were  considered. 
One  orientation  considered  is  such  that  the  interface  crack  is  parallel  to  the  (001)  plane 
with  its  tip  along  [110]  and  growth  in  the  [110]  direction.  The  second  orientation 
considers  the  crack  on  the  prism  plane  (0110)  of  an  hep  crystal,  with  its  tip  along  [0001] 
and  growth  in  the  [2110]  direction.  Because  of  the  rigid  substrate,  families  of  solutions 
are  possible.  For  both  the  stationary  and  growing  case,  solution  members  are  found  that 
have  crack-tip  stress  triaxiality  and  normal  tensile  stress  which  are  almost  40%  higher 
than  those  found  in  homogeneous  materials,  which  are  also  derived  [21].  Furthermore, 
the  effect  on  ductility  of  the  orientation  of  the  slip  systems  intersecting  the  crack  tip  is 
also  discussed. 

In  a  separate  study  we  derived  an  interface  strength-toughness  relationship  [23]  by 
using  an  interatomic,  interface  stress  separation  curve  based  on  the  universal  bonding 
correlation.  This  relationship  has  been  successfully  used  to  relate  the  interface  tensile 
strengths  measured  by  the  laser  spallation  experiment  and  the  interface  fracture  energies 
obtained  by  the  new  spontaneous  delamination  technique. 

B5.  Technology  Transfer 

Since  the  interface  work  has  the  attention  of  many  thin  film  companies  and  laboratories  in 
the  U.S.,  Japan,  and  Europe,  we  continue  to  facilitate  the  transfer  of  the  laser  spallation 
technology  to  various  companies.  With  the  sharp  stress  pulses  we  have  successfully 
measured  the  strengths  of  thin  film  (<  0.1  |im)  interfaces.  Interfaces  between  SiC>2  and 
Si3N4  substrates  and  polyimide  coatings  are  important  in  packaging  applications.  Over 
the  past  four  months  we  have  been  working  with  the  Digital  Equipment  Corporation  in 
Massachusetts  to  study  the  above  interface  systems.  The  plan  is  to  establish  the  strength- 
structure-chemistry  relationship  for  the  above  interfaces  by  using  different  chemistries  of 
polyimide  coatings.  This  year  I  will  be  working  with  researchers  at  Bell  Laboratories  in 
New  Jersey  to  adapt  the  spallation  technique  for  multilayer  systems.  The  stress  pulse  will 
be  generated  in  the  Si  wafer  and  propagated  towards  the  Si/Si02/Al/Si02  assembly.  The 
aim  is  to  reduce  the  tensile  strength  of  the  upper  Si02/Al  interface  to  ease  decohesion,  by 
changing  the  chemistry  of  the  SiC>2  passivation  layer,  which  in  turn  will  be  controlled  by 
changing  the  deposition  conditions. 
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B6.  Future  Research  and  New  Directions 

B6.1.  Measurement  ofln-situ  Fiber/Matrix  Interface  Strength 

The  development  of  the  laser  spallation  technique  was  motivated  by  the  need  to  measure 
the  strength  of  interfaces  between  cylindrical  fibers  and  their  coatings.  However,  even 
with  the  new  developments  at  Dartmouth,  it  is  only  possible  to  test  planar  interfaces. 
Based  on  the  results  shown  in  Fig.  8,  it  appears  that  we  can  use  the  technique  directly  on 
the  cylindrical  fiber/matrix  or  coating  interfaces.  The  figure  clearly  shows  the  separation 
of  the  individual  carbon  fibers  from  the  polyimide  matrix  when  the  region  shown  in  the 
figure  was  uniformly  loaded  to  a  stress  a0  by  the  stress  pulse.  The  challenge  here  is  to 
relate  the  overall  measured  a0  to  the  local  fiber/matrix  interface  stress  by  a  numerical 
wave  mechanics  simulation,  which  is  being  attempted  in  Alexander’s  Ph.D.  work. 

B6.2.  The  Effect  of  Processing  and  Surface  Variables  on  Adhesion 

We  are  using  the  above  experimental  procedures  to  develop  a  basic  understanding  of  the 
various  physical,  chemical,  and  mechanical  bonding  mechanisms  that  are  responsible  for 
joining  a  metal  to  a  ceramic  and  a  polymer,  and  those  between  two  ceramic  components. 
The  main  goal  is  to  understand  the  effects  of  coating  microstructure  (grain  size  and 
orientation),  substrate  roughness  and  orientation,  interlayer  of  a  ternary  element  with 
varying  thicknesses,  heat-treatment,  and  oxygen  fugacity,  on  the  adhesion  of  various  two 
component  systems  discussed  above.  The  interface  systems  to  be  studied  are  of 
technological  importance,  and  are  currently  used  in  microelectronics,  composites,  paint, 
aircraft  engines,  and  magnetic  disc  and  head  technologies. 

B6.3.  Measurement  oflnterply  Tensile  Strength  in  Laminated  Composites 

Under  a  separate  program  sponsored  by  the  Office  of  Naval  Research,  we  studied  the 
behavior  of  two-dimensional  carbon/carbon  (C/C)  and  carbon/polyimide  (C/P)  woven 
laminates  under  compression  and  shear  loadings.  We  found  that  the  local  failure  was  due 
to  the  propagation  of  inter-ply  cracks  in  both  these  materials.  Hence,  to  provide  the 
material  property  that  sets  the  local  failure  criterion  in  our  models,  it  was  necessary  to 
measure  the  interply  tensile  strength.  Measurement  of  the  transverse  tensile  strength  is 
difficult  by  conventional  test  methods  due  to  the  small  thickness  of  the  manufactured 
laminates.  We  measured  the  interply  tensile  strength  of  C/C  and  C/P  laminates  by 
adapting  the  laser  spallation  technique  discussed  earlier.  A  schematic  of  the  experimental 
setup  used  is  shown  in  Fig.  9.  Here  the  compressive  stress  pulse  is  produced  normal  to 
the  plies,  which  upon  reflection  into  a  tension  pulse  from  the  sample's  free  surface 
separates  the  interply  interface.  The  tensile  stress  causing  the  damage  is  recorded  directly 
by  measuring  the  transient  free-surface  velocity  by  the  new  interferometer  (shown 
towards  the  right-bottom  of  Fig.  9),  that  is  capable  of  obtaining  the  displacement  fringes 
from  the  rough  composite  surface.  The  velocity  profile  thus  obtained  is  converted  into 
the  stress  pulse  profile  by  using  the  effective  elastic  properties  of  the  laminate.  For  these 
experiments,  the  C/C  and  C/P  samples  were  cut  into  specimens  with  square  cross-sections 
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of  side  1.27  cm,  and  with  thickness  in  the  range  2.5  mm-3.0  mm.  The  sample’s  back 
surface  was  polished  and  sputter  coated  with  a  thin  (10  |im  thick)  coating  of  aluminum  to 
aid  in  recording  of  velocity  fringes  by  the  optical  interferometer.  Narrow  square  grooves 
corresponding  to  3  to  4  laminate  depths  were  made  on  the  sample  s  front  surface.  The 
area  of  the  squared  groove  was  approximately  equal  to  the  laser  impact  area  of  7  mm  . 
The  ratio  of  the  diameter  of  the  laser  ablated  area  to  the  thickness  of  the  substrate  was 
maintained  at  3  so  as  to  keep  40%  of  the  rear  stressed  area  to  be  planar.  Since  the  stress 
pulse  is  produced  only  on  a  part  of  the  laminate  surface,  our  preliminary  experiments  on 
ungrooved  samples  measured  higher  threshold  laser  energies  as  the  failure  involved 
rupturing  of  the  fiber  bundles  along  the  edges  of  the  loaded  area.  This  problem  was 
circumvented  by  using  the  grooved  sample  geometry  which  leads  to  the  separation  of  one 
of  the  square  coupons  at  the  threshold  laser  energy.  Tensile  strength  values  in  the  range 
25-30  MPa  were  obtained  in  about  20  successful  spallation  tests  for  C/C  laminates,  and 
those  in  the  range  190-220  MPa  for  the  C/P  laminates.  For  both  materials,  the  failure  of 
the  sample  was  characterized  by  the  complete  separation  of  the  plies  at  the  interply 
interface  (Fig.  10)  and  at  times,  within  the  fiber  bundle  itself  (Fig.  11).  Essentially,  at 
both  deformation  sites  we  are  measuring  the  local  fiber/matrix  interface  strength.  When 
the  failure  is  at  the  interply  interface,  the  local  geometry  includes  fibers  bonded  by  the 
matrix  in  the  two  orthogonal  directions  (each  belonging  to  a  warp  or  fill  bundle),  whereas 
intrabundle  fracture  on  the  local  scale  is  between  two  fibers  bonded  along  the  same 
direction.  The  values  obtained  by  this  experiment  can  be  considered  as  a  continuum- 
scale  tensile  strength  even  though  the  failure  on  the  local  scale  envelops  the  failures 
within  the  matrix,  and  at  the  fiber/matrix  interface  (Fig.  8).  This  value  was  used  as  the 
failure  condition  in  our  models. 

B6.4.  High  Strain  Rate  Deformation  of  Composite  Laminates 

The  nanosecond  pulses  can  be  used  to  determine  the  high  strain  rate  response  of 
laminates,  as  needed  to  understand  failure  of  composites  under  impact  loading.  Damage 
under  such  a  loading  is  similar  to  that  encountered  in  a  steel  armor  plate  struck  by  a 
projectile  where  the  failure  is  through  the  formation  of  a  material  spall  from  its  rear 
surface.  In  composites,  damage  also  includes  several  interply  delaminations  near  the  rear 
surface  and  is  oriented  normal  to  the  stress  wave  direction.  Such  dynamic  stress  waves 
can  result  from  an  impact  of  a  projectile  on  the  front  surface  of  a  composite  structure,  or 
in  C/C  composites,  through  a  sudden  heating  of  the  inner  surface  of  the  composite  when 
used  in  exhaust  cones  and  heat-shielding  tiles  in  space  shuttles  and  rockets. 
Delaminations  can  also  occur  in  wings  and  turbine  blades  when  struck  by  flying  birds. 
Thus,  an  understanding  of  their  behavior  under  such  loads  is  warranted.  The  stress  pulse 
amplitude  responsible  for  the  onset  of  such  a  damage  is  taken  as  the  effective  interply 
strength  measured  above.  With  this  as  the  local  failure  criterion,  additional  information 
on  the  attenuation  and  dispersion  characteristics  associated  with  the  propagation  of  such 
pulses  through  the  composite  microstructure  is  needed  to  allow  for  a  complete  design  of 
laminated  structures  subjected  to  a  given  impact.  We  have  measured  the  dispersion 
characteristics  of  a  short  stress  pulse  as  it  propagates  normal  to  the  plane  of  the  0790° 
laminate  in  both  the  C/C  and  C/P  materials.  This  short  pulse  can  be  considered  as  a 
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collection  of  harmonic  waves  of  several  different  frequencies,  mostly  in  the  high 
frequency  regime.  As  the  short  stress  pulse  interacts  with  the  cracks,  voids  (only  in  C/C), 
crimps,  interply  interfaces,  and  matrix-rich  pockets  within  the  microstructure,  it 
experiences  both  the  shortening  and  broadening  of  its  profile  during  its  propagation. 
Using  the  novel  interferometer,  we  have  experimentally  obtained  the  resulting  stress 
profile  in  different  thickness  samples.  Figure  12  gives  the  experimentally  measured 
profiles  after  the  initial  pulse  (shown  with  solid  line)  has  traversed  a  known  thickness  of 
the  C/P  sample.  By  taking  the  ratios  of  the  Fourier  transforms  of  the  incident  and  the  net 
profile  at  a  known  thickness),  both  the  real  and  the  complex  part  of  the  wave  number  can 
be  obtained.  The  imaginary  part  provides  the  dispersion  characteristics  for  different 
frequencies  (Fig.  13b  for  C/P  and  14  for  C/C)  whereas  the  real  part  provides  information 
on  the  frequency  dependent  -wave  velocity  (  Figs  13a).  When  the  information  given  in 
Figs  13  is  combined  with  the  local  value  of  the  interply  strength,  one  can  design  the 
thickness  of  a  typical  composite  plate  that  is  subjected  to  a  given  impact  loading  (i.e., 
with  a  known  amplitude  and  frequency  components).  If  one  fixes  the  interply  strength, 
then  by  using  the  information  in  Fig.  13  one  finds  how  much  will  be  the  dissipation  in  the 
pulse  amplitude,  giving  the  desirable  thickness  directly.  Since  the  dynamic  behavior  of 
composites  is  likely  to  become  an  important  problem,  we  have  already  started  working  in 
this  area  and  have  obtained  significant  results,  which  are  contained  in  Pronin  et  al.  [22]. 

B6.5.  Non-Destructive  Evaluation  of  Composite  Laminates 

Another  important  area  that  can  be  addressed  using  the  above  experimental  procedures  is 
to  evaluate  the  composite  laminates  for  cracks  and  voids  in  a  non-destructive  mode.  The 
current  efforts  are  to  relate  the  information  in  Fig.  13(b)  to  the  crack  lengths  and  density 
in  the  C/C  laminates.  The  new  science  which  is  different  than  the  classical  NDE  methods 
is  in  the  use  of  nanosecond  stress  pulse  profiles  in  our  setup,  which  can  see  flaws  much 
smaller  than  what  the  currently  available  techniques  can  achieve.  The  potential  for  the 
carbon-carbon  composites  (which  has  several  pre-existing  cracks)  is  evident  when  we 
compare  its  wave  dispersion  characteristics  (Fig.  15)  with  that  obtained  for  the  carbon- 
polyimide  laminates  with  no  pre-existing  cracks  (Fig.  12).  To  make  a  more  quantitative 
evaluation  of  the  data  on  C/C,  work  is  in  progress,  and  it  essentially  involves  doing  a 
wave  mechanics  simulation  where  a  given  pulse  profile  is  made  to  impinge  a  volume 
flaw,  and  its  net  profile  that  results  after  such  an  interaction  is  computed.  This  is  to  be 
followed  by  putting  a  collection  of  cracks  in  the  material  volume.  The  results  of  the 
simulation  will  be  compared  directly  with  the  interferometric  measurements  of  the  net 
profile  as  it  strikes  the  sample’s  free  surface  after  completing  its  crack-interacted  journey. 
Such  simulations  are  on-going  as  a  part  of  the  Ph.D.  thesis  work  of  my  student  Alexander 
Pronin. 


An  even  more  powerful  application  is  to  adapt  the  above  developments  for  non¬ 
destructive  testing  for  small  flaws  in  brittle  polycrystalline  materials-a  process  of 
importance  in  quality  control.  Because  of  the  ultra  short  rise-time,  small  flaws  will 
interact  geometrically  with  the  pulse,  and  the  resulting  profile  of  the  pulse  that  emerges  at 
the  sample’s  free-surface  will  be  recorded  by  the  Doppler  interferometer.  By  comparing 
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the  profile  of  the  final  pulse  with  the  base  signal  from  a  flaw-free  material  (or  that  of  an 
acceptable  quality),  it  should  become  possible  to  evaluate  the  quality  of  the  final  product 
or  a  part.  Since  both  the  pulse  generation  and  recording  are  to  be  achieved  by  non- 
contact  optical  techniques,  it  becomes  possible  to  assess  the  quality  of  the  part  during  its 
processing  history,  including  high  temperature  steps.  The  effectiveness  of  this  technique 
has  already  been  shown  in  determining  the  quality  of  the  metal-to-metal  bond  in  a  non¬ 
destructive  manner  while  working  with  the  manufacturing  division  of  the  Ford  Motor 
Company  this  past  Summer.  We  can  determine  the  nature  (cured  vs.  uncured),  thickness 
and  presence  of  interfacial  delaminations  at  the  epoxy/metal  interface.  This  specific  study 
has  implications  for  manufacturing  future  light  weight  cars  where  epoxy  joints  are 
expected  to  replace  the  current  welds. 
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VI.  APPENDICES 


APPENDIX  I.  Nanosecond  Rise-Time  Stress  Pulses  With  No  Asymptotic  Decay 

In  this  section,  we  discuss  the  mechanics  of  generating  transient  stress  pulses  with  no 
asymptotic  post-peak  decay,  which  was  used  in  the  spallation  setup.  Apart  from 
demonstrating  a  short  rise  time  of  1.14  ns,  and  an  amplitude  in  excess  of  3  GPa,  the  pulse 
shows  a  remarkably  sharp,  post-peak  decay  resulting  in  zero  stress  at  about  17  ns.  This 
observation  contrasts  with  all  other  reported  cases  of  laser-produced  stress  pulses,  which 
show  a  gradual  post-peak  decay  resulting  in  a  long  tail,  assuming  an  asymptotic  value  at 
about  5%  to  15%  of  the  peak  amplitude.  The  tail  results  from  the  long  penetration  depth 
of  the  thermal  pulse  in  the  substrate.  The  use  of  a  confining  medium  with  higher  thermal 
diffusivity  than  that  of  air  helps  decrease  the  penetration  depth  by  providing  an  energy 
sink  away  from  the  direction  of  the  substrate.  Therefore,  when  air  is  used  as  a 
constraining  medium  for  the  laser-absorbing  film,  a  long  gradual  tail  reaching  an 
asymptotic  value  of  about  10%  of  the  peak  amplitude  are  observed  at  100  ns.  Using  the 
M.I.T.  version,  where  a  1.0  pm- thick  laser-absorbing  gold  film  was  sandwiched  between 
a  piezoelectric  quartz  substrate  and  a  fused  quartz  plate,  the  stress  pulses  obtained  showed 
a  sharper  decay  resulting  in  an  asymptotic  value  of  15%  of  the  peak  stress  at  about  45  ns. 

The  novel  setup  includes  producing  stress  pulses  by  using  a  0.5-pm  thick  A1  laser¬ 
absorbing  film  sandwiched  between  a  5-pm  thick  layer  of  solid  water  glass,  and  an  Si 
substrate  (used  here  as  an  example).  Figure  16  shows  the  stress  pulse  profile  obtained  for 
a  laser  fluence  of  8.67  x  104  J/m2,  measured  at  the  YAG  source.  Apart  from  an 
amplitude  increase,  and  a  pulse  risetime  of  1.14  ns,  this  profile  displays  a  sharper  post¬ 
peak  decay  with  the  stress  finally  decaying  to  zero  in  16  ns.  Interestingly,  the  layer  of 
solid  water  glass  spalls  off  from  the  Si  surface  along  with  the  0.5-pm  thick  A1  film  during 
the  microexplosion  of  the  laser  absorbing  A1  film. 

Although  a  quantitative  proof  of  the  mechanism  leading  to  such  a  stress  profile  is 
not  attempted,  a  phenomenological  model  provides  a  possible  mechanism.  As  shown  by 
Gupta,  et  al.  [2],  in  the  laser  spallation  setup,  one  compressive  pulse  is  produced  in  each 
the  substrate  and  the  constraining  medium.  It  is  the  reflection  of  the  compressive  pulse 
into  a  tension  pulse  from  the  free  surface  of  the  solid  water  glass  that  leads  to  the  removal 
of  the  Al  film  from  the  Si/Al  interface.  For  a  5 -pm  thick  layer  of  solid  water  glass  and  an 
Al  film  of  0.5  pm  thickness,  the  tension  pulse  reaches  the  Al/Si  interface  in  about  1.27  ns 
(assuming  a  longitudinal  wave  velocity  of  8380  m/sec  in  Si02  and  6400  m/sec  in  Al). 
Since  the  laser  heating  pulse  is  3  ns  long,  such  a  spallation  process  within  1.27  ns 
removes  the  heat  source,  resulting  in  the  absence  of  a  thermal  tail  in  the  generated  stress 
pulse.  Using  the  computer  simulation  developed  in  Gupta,  et  al.  [2],  the  spatial 
temperature  distribution  within  the  first  1.27  ns  was  determined  in  the  vicinity  of  the 
Al/Si02,  and  of  the  Al/Si  interface.  The  maximum  temperature  at  the  Al/Si  interface  was 
obtained  to  be  only  700  K,  which  decays  to  the  ambient  temperature  within  0.5  pm  of  the 
Si  substrate.  Although  such  a  temperature  gradient  and  amplitude  remain  within  the  Si 
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upon  the  removal  of  the  heat  source  entrapped  within  the  A1  film,  these  are  insufficient  to 
produce  any  comparable  stresses.  Therefore,  the  decay  tail  of  the  stress  pulse  shown  in 
Figure  52  is  a  mechanical  tail  produced  by  the  sudden  impact  of  the  Si  substrate  in  the 
first  1.27  ns!  In  other  words,  the  Si  surface  sees  only  a  transient  pressure  loading  in  the 
first  1.27  ns,  resulting  from  a  pressure  pulse  in  the  A1  film,  produced  through  the  laser- A1 
interaction  and  transmitted  through  the  Al/Si  interface.  Figure  17  shows  the  stress  history 
at  the  Al/Si  interface  in  the  first  1.4  ns  as  obtained  from  the  simulation  presented  in 
Gupta,  et  al.  [2].  Remarkably,  the  first  sizable  tension  at  the  Al/Si  interface  occurs  at 
1.27ns.  The  chopped  stress  pulse  now  acts  as  a  new  boundary  condition  for  the  Si 
surface. 
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APPENDIX  II.  Optical  Interferometer  For  Non-Specuiar  Surfaces 

To  record  velocities  of  rough  surfaces,  a  new  interferometer  was  developed.  The 
schematic  of  the  interferometer  is  shown  in  Fig.  9.  The  beam  from  a  frequency-stabilized 
He-Ne  laser  is  brought  to  focus  on  the  specimen  surface  by  a  convex  lens.  Light  reflected 
from  the  diffuse  surface  is  collected  by  the  same  lens  and  directed  to  a  telescope,  which 
condenses  and  collimates  the  beam.  Next,  a  beam  splitter  directs  the  light  to  the  two  legs 
of  the  interferometer,  and  the  returning  beams  are  recombined  at  the  photodiode  to 
produce  the  interference  fringes,  which  then  are  recorded  on  a  Tektronix  digitizer  with  a 
single-shot  rise  time  of  5  ps.  The  key  point  of  this  optical  setup  is  the  second  leg  of  the 
interferometer,  which  consists  of  two  lenses  (with  focal  length  (  f )  equal  to  50  cm  each) 
and  one  mirror.  Such  a  system  of  two  lenses,  which  are  separated  by  the  sum  of  their 
focal  lengths,  images  the  mirror  M2  onto  the  apparent  position  M*  at  exactly  the  same 
distance  as  the  mirror  M  from  the  photodiode.  For  this  arrangement,  the  actual  difference 
in  path  lengths  of  the  two  optical  legs  of  the  interferometer  is  equal  to  8f/c,  which  is  about 
13.3  ns  in  our  case.  The  apparent  mirror  M*  allows  interference  to  occur  from  a 
geometrically  incoherent  light,  while  the  necessary  optical  delay  length  needed  to  obtain 
velocity-related  fringes  is  provided  by  the  actual  path  length  achieved  by  the  position  of 
the  real  mirror  M. 
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Table  I.  E.iergv  Criterion  for  Interface  Crack  Deflection  for  Various  Metallic,  Ceramic, 
Intermetallic,  and  Polymer  Matrix  Composites  _ 


Medium  2 


CJC,„  <  6 


tan  ( A  ,i  A , ) 
(decree) 


Metallic  matrix  composites 


Pitch-55  carbon 
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SiC 

B.C 
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SiC  ' 
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SiC  ' 

SiC 

SiC 
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SiC 

SiC 

SiC 
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S-glass 
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E-glass 
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HBESiC 
LB  E  SiC 
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A I 
SiC 
A I 
Mg 
A I 
Ni 

TiAI 

Ti,A! 

Ti’,AI 

Ni,AI 

NiiAl 

Ni,A! 

Ni-Al 

Ni-AI 

Ni-AI 


LAS  glass 


LAS  glass 
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SiC  (bulk) 
SiC  (bulk) 
Si,N, 

Zirconia 
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Si,N4” 

Epoxy 

Epoxy 

Epoxy 

Epoxy 

Concrete 


SnO, 

C  (amorphous) 

Pt 

Mo 

SnO, 


Ni 

Nb 

Pt 

Nb 

Mo 


-0.6206 

0.6292 

0.4216 

0.00964 

-0.4482 

0.7344 

0.2226 

0.4286 

0.3565 


-0.2113 

0.2177 

0.0S85 

-0.0370 

-0.2506 

0.2372 

0.0389 

0.0963 

0.1090 


Intermetallic  matrix  composites 


0.4436 

0.1082 

0.5028 

0.4205 

0.4368 

0.3850 

0.3908 

0.4220 

-0.0385 


0.1560 
0.0190 
0.1682 
0.1362 
0.1565 
0.1229 
0.1220 
0. 1 207 
-0.0370 


Ceramic  matrix  composites 


-0.2096 

0.7242 

0.2658 

0.4863 

0.2049 

0.1294 

0.6367 

0.7641 

0.3949 

0.5291 

0.4519 

0.4966 

0.1623 

-0.4192 

-0.7310 

0.1838 

0.0263 

0.0553 

0.6622 

0.2987 

-0.2529 


-0.0907 
0.2111 
0.03S0 
0.109S 
0.0330 
0.0115 
0.2375 
0.2610 
0.1065 
0.1409 
0.1 120 
0.1425 
0.0378 
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-0.2456 
0.0438 
-0.0152 
0.0127 
0.2133 
0.0S70 
-0.1 199 


Polvmcr  matrix  cnmposiics 

0.9065  0  2792 

0.9237  0.2991 

0.9462  0.3068 

0.9091  0  2942 

Fiber-reinforced  concrete 

0.9052  0.3  87  7 


0.012 

0.1286 

0.0952 

0.0487 

0.2056 

0.7383 

0.0688 

0.3972 

0.3563 

0.3961 

0.2764 

0.4374 

0.3871 

0.3935 

0.3692 

0.3724 

0.5795 

0.2006 

0.2369 

0.7276 

0.3223 

0.4174 

0.2907 

0.2S15 

0.5544 

0.S061 

0.3614 

0.4460 

0.4104 

0.4380 

0.2895 

0.2440 

0.3226 

0.2954 

0.2603 

0.2656 

0.5833 

0.3327 

0.2350 

0.4210 

2.2500 

3.1350 

1.9125 

I  6180 


0.011 

0.012 

-21.72 

0.13S9 

0.1389 

-9.81 

0.1080 

0.1080 

-15.22 

0.0563 

0.0563 

-7.98 

0.2033 

0.2056 

-64.09 

0.7553 

0.7553 

-22.03 

0.0798 

0.0798 

-7.79 

0.4139 

0.4139 

-27.30 

0.3727 

0.3727 

-28.82 

0.4135 

0.4135 

-27.04 

0.2859 

0.2859 

-35.26 

0.4550 

0.4550 

-25.91 

0.4040 

0.4040 

-27.53 

0.4109 

0.4109 

-27.19 

0.3S59 

0.3859 

-28.27 

0.3892 

0.3892 

-28.15 

0.3911 

0.5795 

-16.09 

0.2606 

0.2606 

-44.01 

0.2281 

0.2369 

-51.79 

0.7452 

0.7452 

-22.33 

0.3357 

0.3357 

-  30.75 

0.4343 

0.4343 

-  16.08 

0.3024 

0.3024 

-  16.08 

0.2913 

0.2913 

-34.55 

0.5714 

0.5714 

-23.35 

0.8226 

0.8226 

-21.42 

0.3776 

0.3776 

-  16.07 

0.4633 

0.4274 

0.4555 

0.3010 

0.2173 

0.2649 
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Figure  2. 
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Figure  1.  Schematic  view  of  the  laser  spallation  experiment. 


substrate 


Schematic  of  the  laser  Doppler  displacement  interferometer  along  with  the  laser 
spallation  setup. 


Figure  4.  Interface  voids  formed  at  the 


anneal. 
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Figure  5.  HRTEM  of  Nb/Cr/sapphire  interface  annealed  at  1200°C  for  10  min.  The  continuous 
interlayer  of  Cr  is  reduced  to  a  uniform  distribution  of  the  intermetallic  compound 
Cr2Nb  (A)  at  the  interface  between  Nb  (B)  and  sapphire. 


Figure  6. 
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Figure  7a.  Interface  strengths  as  measured  by  the  modified  laser  spallation  experiment. 


Figure  7b.  The  control  of  Nb/sapphire  interface  strength  through  control  of  Cr  and  Sb  interlay* 
thickness. 


Figure,*?  :  A  high  magnification  view  of  the  int  m  !  .-.ck  in  the  C/P  sample  snowing 

the  local  failure  to  be  through  the  matrix  and  :  rix  interface. 
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Figure  ^ 


Schematic  of  the  Ration  experiment  a,ong  with  the  modified  laser  Doppler  inter 
ferometer  for  diffuse  surfaces. 


Figure  10:  A  micrograph  showing  spallation  in  a  central  square  coupon  when  the  stress 
pulse  was  generated  on  the  back  surface  and  in  line  with  the  central  coupon.  The  failure 
was  at  the  interply  interface  since  no  tearing  of  the  fibers  within  the  bundles  was  observed 
on  the  two  separated  surfaces.  The  above  micrograph  is  for  the  C/P  laminate.  Almost 
identical  failure  results  in  the  C/C  samples  with  the  same  square  coupon  geometry  and 
groove  depths. 


Figure  11 :  A  micrograph  showing  the  spallation  within  parallel  fiber  bundles  as  indicated 
by  the  similarly  oriented  fibers  on  the  fractured  surface. 
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Figure  Data  showing  the  dispersion  characteristics  for  the  C/P  laminate  with  local 
microstructure  given  in  Fig.  3(b).  The  imaginary  part  of  the  wave  number  k  gives 
the  velocity  of  the  dilatational  wave,  presented  as  a  function  of  frequency  in  (a).  The 
attenuation  for  different  frequencies  in  the  C/P  microstructure  is  shown  in  (b). 
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Figure  Data  showing  the  attenuation  of  different  frequencies  for  the  C/C  microstruc 
ture  given  in  Fig.  3(a). 
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Figure  Ho  The  stress  pulse  profile  generated  at  the  laser  fluence  of  8.67xl05  J/m2. 
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